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I 0 By Paul Kuhn 3 
SUMbiARY 
h p r o c e d u r e  f o r  t h e  s h e a r - l a g  a n a l y s i s  of b o x  beams, 
s u c h  as  wing s t r u c t u r e s ,  i s  o u t l i n e d .  A p r e v i o u s l y  pub- 
l i s h e d  method s e p a r a t e d  t h e  most e s s e n t i a l  p a r t  of t h e  
me thod ,  by s l i g h t l y  mod i fy ing  t h e  c o m p u t a t i o n  o f  t h e  chord-  
w i s e  Q i s t r i b u t i o n  of s t r e s s ,  e n t i r e l y  s e p a r a t e s  t h e  shear- 
l a g  a n a l y s i s  f r o m  t h o  Nc/I a n a l y s i s .  The d i s c u s s i o n  p o i n t s  
f r o m  t h i s  s e p a r a t i o n .  
1 s h e a r - l a g  a n a l y s i s  f r o m  t h e  f 7 c j I  a n a l y s i s .  The p r e s e n t  
I out t h a t  s a v i n g s  i n  t i n e  e n d  g r e a t e r  a c c u r a c y  w i l l  r e s u l t  
INTR ODU C T I ON 
9 
X c o m g e h e n s i v e  p a p e r  on s h e a r  l a g  ' ( r e f e r e n c e  1) pub- 
l i s h e d  p r e v i o u s l y  g i v e s  t w o  methods o f  a n a l y s i s .  The 
s i m p l i c i t y  and s c e a d  by  s e p a r a t i n g  t h e  main p a r t  of t h e  
s h e a r - l a g  analysis f r o m  t h e  Mc/I a n a l y s i s ;  t h e  t w o  a n a l -  
Q G P S  are combined j u s t  bsf ore t h e  chordwise d i s t r i b u t i o n  
o f  t h e  s t r i n g e r  s t r e s s e s  i s  computed .  Wheri t h e  c o r n o u t a t i o n  
of t h e  i n d i v i d u a l  s t r i n g e r  s t r e s s e s  i s  c o n s i d e r e d  n e c e s s a r y l  
t h e  method recommended i n  r e f e r e n c e  1 s h o u l d  be  s l i g h t l y  
m o d i f i e d  t o  kepp t h e  shear-lag a n a l y s i s  s e p a r a t e  f r o m  t h e  
k / I  a n a l r s i e  u n t i l  t h e  f i n a l  a d d i t i o n  of s t r e s s e s  i s  made. 
The  p r e s e n t  p a p e r  g i v e s  t h e  c o m p l e t e  outline of t h e  modi- 
f i e d  p r o c e d u r e  a n d  d i s c u s s e s  t h e  a d v a n t a g e s  g a i n e d  by  ,sep- 
a r a t i n g  t h e  s h e s r - l a g  a n a l y s i s  f r o m  thP  N c / I  a n a l y s i s ,  
The t r e a t m e n t  i s  ch ' iaf  Ijr i n t e n d e d  for w i n g  s t r u o t u r o s  of 
t h e  c e n t r a l - b o x  t y p e ,  
t method recommended f o r  o r d i n a r y  u s e  a c h i p v e s  some of  i t s  
THE SITEAR-IiAG AWhLYSIS 3r' B O X  BEX!iS 
General P r o c e d u r e  o f  A n a l y s i s  
The g e n e r a l  p r o c e d u r e  f o r  s h e a r - l a g  a n a i , y s i s  c o n s i s t s  Of 




1. A t  a number Q . . - e t a t i o q  a l o n g  t h e  s p a n ,  p r e l i m -  
i n a r y  s e c t i o n  modul i  a r e  c a l c J a t e d ;  e s t i m a t e d  amounts  of 
s k i n  a r e  assumed t o  work w i t h  t h e  s t r i n g e r s  on  t h e  com- 
p r e s s i o n  s i d e .  P r e l i m i n a r y  v a l u e s  o f  t h e  s t r i n g e r  s t r e s s e s  
a r e  c a l c u l a t e d  w i t h  t h e s e  m o d u l i .  
2 .  The p r e l i m i n a r y  s t r i n g e r  s t r e s s e s  a r e  u s e d  t o  c a l -  
c u l a t e  t h e  e f f e c t i v e  w i d t h s  of s k i n .  M a r g u e r r e  It# f ormula 
for t h e  e f f e c t i v e  w i d t h  
3 
2w/b = P,/=- 
i s  recomeended a s  a good comprornise b e t w e e n  a c c u r a c y  a n d  
s i m p l i c i t y ,  h v e r a g e  v a l u e s  o f  t h e  c r i t i c a l  s t r e s s  uCr 
of  t h e  s h e e t  arid of t h e  s t r i n g e r  s t r e s s  u may be u s e d  
f o r  any s t a t i o n  u n l e s s  t h e  t h i c k n e s s  o f  t h e  s k i n  v a r i e s  
c h o r d w i s e  .. 
3.  A f t e r  t h e  e f f e c t i v e  w i d t h s  o f  s h e e t  have  b e e n  
e s t a b l i s h e d  by c h e c k i n g  them f o r  aqreeraent  w i t h  t h e  as- 
sumed v a l u e s ,  f i n a l  s e c t i o n  u o d u l i  a r e  c a l c u l a t e d  a n d  t h e  
f i n a l  i i c / I  a n a l y s i s  i s  made. 
4 .  The s h e a r - l a g  a n a l y s i s  i s  ms.de by  t h e  methods t o  
be d e s c r i b e d  l a t e r ;  t h e  r e s u l t  o f  t h i s  a n a l y s i s  i s  a s e t  
of s t r e s s  c o r r e c t i o n s .  
5. The s t r e s s  c o r r e c t i o n s  r e s u l t i n g  f r o m  {he s h e a r -  
l a g  s n a l y s i s  a r e  added t o  t h e  s t r e s s e s  r e s u l t i n g  f r o m  t h e  
f i n a l  N ~ / I  a n a l y s i s .  
I t  s h o u l d  be n o t e d  t h a t  , s t e p s  1 t o  3 c o n s t i t u t e  t h e  
Mc/I a n a l y s i s  familiar t o  e v e r y  a n a l y s t ,  w i t h  t h e  excep-  
t i o n ,  p e r h a p s ,  of  f o r m u l a  (1) f o r  t h e  e f f e c t i v e  w i d t h .  
The re  a r e  no r e s t r i c t i o n s  p l a c e d  on t h e  Mc/I a n a l y s i s ;  
l i f t  and  d r a g  f o r c e s  may be  c o n s i d e r e d  s e p a r a t e l y  o r  
j o i n t l y  a n d  p r i n c i p a l  a x e s  may o r  may n o t  be  u s e d ,  a s  de- 
s i r e d .  
B a s i c  P r o c e d u r e  f o r  Shear-Lag h n a l y s i s  
The b a s i c  p r o c e d u r e  f o r  s h e s r - l a g  a n a l y s i s  i s  t h e  
p r o c p d u r e  a p p l i c a b l e  t o  b o x  beams of  r e c t a n g u l a r  c r o s s  
s e c t i o n  s y m m e t r i c a l  a b o u t  a s p a n w i s e  p l a n e  p a r a l l e l  t o  t h e  
p l a n e  o f  t h e  l o a d i n g  b e i n g  a n a l y z e d .  As 8 r u l e ,  o n l y  beam 
l o a d s  n e e d  be  i n v e s t i g a t e d ;  t h e  s h e a r - l a g  e f f e c t  on c h o r d  
I 
J 
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I 
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l o a d s  may be n e g l e c t e d .  L i f t  loads may o f t e n  b e  u s e d  in 
p l a c e  of beam loads. S y m e t r y  b e i n g  assumed t o  e x i s t ,  all 
c a l c u l a t i o n s  a r e  made f o r  t h e  h a l f - s e c t i o n  (fig. 1). 
The i n d i v i d u a l  s t e p s  of t h e  b a s i c  p r o c e d u r e  a r e  as 
f o l l o w s  : 
1. The beam i s  d i v i d e d  i n t o  a number of b e y s ,  s o  t h a t  
t h e  p r o p e r t i e s  o f  the crose  s e c t i o n  and  t h e  a p p l i e d  rue -  
n f n g  s h e a r  may b e  c o n s i d e r e d  as s e n s i b l y  c o n s t a n t  w i t h i n  
each bay. The s t a t i o n s  are  numbered as shown i n  f i g u r e  2. 
2. For e a c h  b a y ,  t h e  f o l l o w i n g  p r o p e r t i e s  a r e .  com- 
puted:  
Ay a r e a  of c o r n e r  flange. ( T h i s  a r e a  c o n s i s t s  c h i e f l y  
, of two i t e g s :  t h e  area o f  t h e  c o r n e r  angles when 
t h e y  e x i s t ,  a n d  an area 1/6  h t v  t h a t  takes i n t o  
a c c o u n t  t h e  p o r t i o n  of t h e  b e n d i n g  c a r r i e d  by t h e  
s h e a r  w e b s . )  
AI, a r e a  of a l l  l o n g i t u d i n a l 6  ( s t r i n g e r s  a n d  e f f e c t i v e  
w i d t h s  o f  s k i n )  
AT = + + AL 
b. w i d t h  of h a l f - s e c t i o n  
b, w i d t h  a t  r o o t  
t t h i c k n e s s  of c o v e r  sheet ( c h o r d w i s e  a v e r a g e  if t h e r e  
* is a v a r i a t i o n ) -  
t f  f i c t i t i o u s  t h i c k n e s s  of c o v e r  s h e e t  ( t  b r / b )  
' 0  e f f e c t i v e  shear modulus of c o v e r  s h e e t  (This modulus 
s h o u l d  be e e t i m a t s d  on t h e  basis o f  t h e  combined 
s t r e s s e s  a c t i n g  on t h e  s h e e t  a t  t h e  l o a d  b e i n g  fn-  
v e s t i g a t e d  - f o r  i n ~ t ~ ~ n c e ,  l i m i t  load o r  u l t i m a t e  
d e s i g n  load. ) 
L l e n g t h  o f  bag 
4 
where S w  i s  t h e  s h e a r  f o r c e  i n  t h e  s h e a r  web;  t h a t  i s ,  
t h e  e x t e r n a l  s h e a r  f o r c e  Sg r e d u c e d  by t h e  v e r t i c a l  com- 
ponent  o f  t h e  s t r i n g e r  f o r c e s  if t h e  beam t a p e r s  i n  d e p t h  
For  n u m e r i c a l  work ,  i t  w i l l  b e  f o u n d  c o n v e n i e n t  t o  
modify t h e  e x p r e s s i o n s  f o r  p ,  q ,  and  Y by w r i t i n g  G 
i n  t e r m s  of a r e f e r e n c e  modulus - f o r  e x a m p l e ,  t h e  s h e a r  
modulus o f  t h e  m a t e r i a l .  The v a l u e  o f  t h e  r e f e r e n c e  modu- 
. l u s  may t h e n  be  o m i t t e d  f r o m  t h e  e x p r e s s i o n s  f o r  p ,  q ,  
and  Y ,  as w i l l  be  s e e n  f r o m  an i n s p e c t i o n  of t h e  n e x t  
s t e p .  The t h i c k n s s s  t may b e  t r e a t e d  i n  t h e  same manner.  
3. h s e t  o f  e q u a t i g n s  is w r i t t e n  f o r  t h e  s t a t i c a l l y  
i n d e t e r m i n a t e  f o r c e s  X I  i n  wh ich  t h e  c o e f f i c i e n t s  p ,  9, 
a n d  Y a r e  u s e d ,  
. . . . . . . . . . . . . . . . . . . . . . .  
4 .  Some o f  t h e  q u a n t i t i e s  a ;p-pear ing i n  t h e  Set of 
e q u a t i o n s  are d e t e r m i n e d  by t h e  b o u n d a r y  c o n d i t i o n s  as 
f o l l o w s :  
( a )  I f  s t a t i o n  z e r o  i s  a t  t h e  e x t r e m e  t i p ,  Xo = 0.  
(b) If s t a t i o n  z e r o  is a t  t h e  j o i n t  be tween  t h e  end  
of t h e  b o x  beam a n d  a s p e c i a l  t i p  s t r u c t u r e  
c o n n e c t e d  i n  s u c h  a way t h a t  only t h e  c o r n e r  
f l a n g e s  c a r r y  s t r e s s  a a r o s s  t h e  j o i n t ,  
( c )  If t h e  l o n e i t u a i n a l s  s t o p  a t  t h e  r o o t  s e c t i o n  
and d o  n o t  c a r r y  stress i n t o  t h e  f u s e l a g e ,  
t h e  l a s t  e q u a t i o n  o f  t h e  system d r o p s  o u t  
a n d  
( 9 )  
MAL x, = -
hA;rT 
I n  f o r m u l a s  ( 8 )  and (91, t h e  terms on the r i g h t -  
h a n d  s i d e  a r e ,  o f  c o u r s e ,  t h o s e  a p T r o p r i a t e  
t o  t h e  s e c t i o n  under c o n s i d e r a t i o n .  
( d )  If t h e  l o n g i t u d i n a l s  d o  n o t  s t o p  a t  . t h e  root 
section; t ha t  is, i f  t h e  wing c o v e r  being 
a n a l y z e d  fs c o n t i n u o u s  t h r o u g h  t h e  f u s e l a g e ,  
b e c a u s e  S w  = 0 i n  t h e  f u s e l a g e  and 
5 ,  The s a t  cf e q u a t i o n s  fs s o l v e d  and  the v a l u e s  o f  
X a r e  t a b y l a t e d .  
6 .  The c o r r e c t i o n  t o  t h e  ,Mc/I stress i n  t h e  c o r n e r  
f l a n g e  at a g i v e n  s t a t i o n  is 
X 
AUr = -- (11 )  
AF 
The c o r r e c t i o n  t o  t h e  Elc/I s t r e s s  I n  a s t r i n g e r  l o c a t e d  . 
a t  a d i s t a n c e  y f r o n l  t h e  c e n t e r  l i n e  of  t h e  beam i s  . I 
where 
6 
The a d d i t i o n  o f  t h e  c o r r e c t i o n s  g i v e n  by f o r m u l a s  (11) a n d  
( 1 2 )  t o  t h e  Nc / I  s t r e s s e s  c o m p l e t e s  t h e  a n a l y s i s  of t h e  
s t r i n g e r  s t r e s s e s  ( f i g .  3). The s h e a r  s t r e s s e s  i n  t h e  
s h e e t  may t h e n  be  o b t a i n e d  by s t a t i c s  f r o m  t h e  e q u i l i b r i u m  
of l o n g i t u d i n a l  f o r c e s  on s e c t i o n s  of t h e  c o v e r .  
c o n s t a n t  c r o s s  s e c t i o n ,  f i g u r e  4 s h o w s  t h e  Nc / I  s t r e s s e s  
i n  t h e  f l a n g e ,  t h e  s h e a r - l a g  c o r r e c t i o n s  A ~ F  = X / A r ,  a n d  
t h e  t o t a l  f l a n g e  s t r e s s e s .  I t  w i l l  b e  noted t h a t  t h e  s i g n  
of t h e  c o r r e c t i o n  c h a n g e s  a l o n g  t h e  s p a n  a n d  t h a t  t h e r e  is 
one s t a t i o n  at  which  t h e r e  i s  no c o r r e c t i o n  t o  t h e  Mc/I 
s t r e s s .  S i m i l a r  c u r v e s  a p p l y  t o  beams w i t h  d i s t r i b u t e d  
l o a d i n g .  The s t a t i o n  w i t h  z e r o  c o r r e c t i o n  i s  of  p r a c t i c a l  
i n t e r e s t  when a s t r a i n  s u r v e y  is  t o  be  made a t  a single 
s t a t i o n ,  b e c a u s e  s t r a i n  r e a d i n g s  t a k e n  t o o  c l o s e  t o  t h i s  
s t a t i o n  would $ P  x i s l e s d i n g ,  
F o r  a s i n g l e  c o n c e n t r a t e d  l o a d  a p p l i e d  t o  a beam of 
c 
The formula (12) i s  a n  a p p r o x i m a t i o n ,  t h a t  i s  more 
c o n v e n i e n t  f o r  p r a c t i c a l  u s e  t h a n  t k e  t h e o r e t i c a l  e x p r e s -  
sion i n v o l v i n g  h y p e r b o l i c  f u n c t i o n s  ( r e f e r e n c e  l), The ap- 
p r o x i m a t i o n  b r e a k s  down t o  some e x t e n t  n e a r  s t a t i o n s  where 
t h e  l o n g i t u d i n a l s  s t o p ,  I n  s u c h  r e g i o n s ,  t h e  s t r i n g e r  
stresses n p 3 r  t h e  c e n t e r  l i n e  a p p r o a c h  z e r o ,  w h i l e  t h e  
s t r e s s e s  given by t h e  a p p r o x i m a , t i o n  ( 1 2 )  p a s s  t h r o u g h  z e r o  
and. change  s i g n .  KO p r a c t i c a l  s i g n i f i c a n c e  a t t a c h e s  t o  
t h i s  f a i l u r e  cf t h e  a p D r o x i n a t i o n ,  b e c a u s e  it o c c u r s  o n l y  
where t h e  s t r e s s e s  a r e  t o o  snail t o  b e  o f  i n t e r e s t .  
I 
H o d i f  i c a t i o n s  of B a s i c  P r o c e d u r e  
Mo+hLf i c a t  i.gnsof_of carnb_?y-of c over.z- Only s l i g h t  modi- 
f i c a t i o n s  are  n e c e s s a r y  t o  a d a p t  t h e  p r o c e d u r e  t o  t h e  
a n a l y s i s  of beams w i t h  s l i g h t l y  cambered  c o v e r s ,  The ex- 
p r e s s i o n  (2) i s  r e p l a c e d  b y  
( 1 4 )  
where b '  i s  t h e  d e v e l o p e d  h a l f - w i d t h  of t h e  c o v e r  s h e e t  
a n d  c 1  and  c a  are t h e  e f f e c t i v e  c a m b e r s ,  t h a t  i s ,  t h e  
v e r t i c a l  d i s t a , n c e s  f r o m  t h e  c o r n e r  f l a n g e s  t o  t h e  c e n t r o i d s  
of t h e  s t r i n g e r  f o r c e s .  The s t r e s s e s  b e i n g  unknown a t  t h e  
o u t s e t ,  t h e  l o c a t i o n s  of t h e  f o r c e  c e n t r o i d s  must b e  e s t i -  
mated;  f o r  m o s t  p r a c t i c a l  p u r p o s e s ,  t h o  c e n t r o i d s  of  t h e  
7 
s t r i n g e r  a r e a s  AL may ,be used  (fPe. 5 ) .  The farmnldts  
(5) and  ( 6 )  a r e  r e p l a c e d , b y  the more g e n e r a l  e x p r e s s i o n s  
where  % is t h e  d i s t a n c e  f r o m  t h e  rLeiitra1 a x i s  a n d  Q is 
t h e  s t a t i c  monent o f  AL a n d  AF a b o u t  the  n e u t r a l  a x i s ,  
Prom t h i s  p o i a t  o n ,  t h e  p r o c e d u r e  fcr C a l c u l a t i n g  t h e  x- 
f o r c e s  i s  i d e n t i c a l  with t h e  b a s i c  p r o c e d u r e .  
f l a n g e  is 
The c o r r e c t i o n  t o  the Mc/f stress cf t h e  c o r n e r  
where  c is t h e  a f f e c t i v e  camber o f  t h e  c o v e r  b e i n g  anal- 
y z e d .  The c o r f e c t i o n  t o  t h e  Mc/I s t r e s s  i n  a s t r i n g e r  
l o c a t e d  a t  B d i s t a n c e  y f r o m  t h e  o e n t e r  l i n e  of t h o  beam 
is g i v e n  by t h e  e x p r e s s i o n  
where  D is g i v e n  by f o r m u l a  (13). 
The s h e a r - l a g  e f f e c t  d e c r e a s e s  t h e  s t r i n g e r  s t r e s s e e  
n e a r  t h e  c e n t e r  l i n e  of t h e  b e a m  a n d  i n c r e a s e s  them near 
t h e  corner f l a n g e .  T h i s  s h i f t  d e c r e a s e e  t h e  e f f e c t i v e  
beam d e p t h  when the, c o v e r  i s  cambered ;  a c o r r e c t i o n  must 
t h e r e f o r e  be  apTlied n o t  only t o  t h e  s i d e  b e f n g  a n a l y z e d  - 
f o r  e x a m p l e ,  t h e  c o m p r e s s i o n  e f d e  - b u t  a l s o  to t h e  oppo- 
s i t e  s i d e ,  t h e  t e n s i o n  s i d e .  The nmgni tude  o f  t h e  c o r r e c -  
t i o n  f o r c e  i s  Xc/hW. T h i s  f o r c e  increases t h e  flange 
stress o n  t h e  o p p o s i t e  s i d e  when X is p o s i t i v e ,  
M o d i f i c a t i o n s  f o r  u n s x m m t r f c a l  c r o s s  s e c t i o n s , -  No ---__-____-_____ .------ -----------------I------ 
s a t i s f a c t o r y  t h e o r e t i c a l  t r e a t m e n t  of shear-lag e f f e c t  i n  
beams with  u n s y m m e t r i c a l  cro8s secti ,ons a p p e a r s  t o  have 
b e e n  published 6 3  f a r ,  There is i n  t h e  l i t e r a t u r e  a p a p e r  
d e a l i n g  w i t h  t h e  a n a l y s i s  of beams o f  u n s y m m e t r i c a l  c l o s e d  
a 
s e c t i o n  and  a p a p e r  d e a l i n g  w i t h  beams of  u a s y m m e t r i c a l  
open cross s e c t i o n .  B o t h  p a p e r s  c o n t a i n  s e v e r a l  assump- 
t i o n s  o f  q u e s t i o n a b l e  v a l i d i t y ,  The s e c o n d  p a g e r ,  more- 
o v e r ,  o m i t s  t h e  v e r t i c a l  c o a p o n e n t  of t h e  s h e a r  i n  t h e  
cover s h e e t ;  a t  b e s t ,  t h e n ,  t h e  fo rmulas  g i v e n  i n  t h i s  
p a p e r  would b e  a p p r o x i m a t i o n s  v a l i d  only when t h e  dissym- 
m e t r y  i s  v e r y  small. 
The l a c k  of a s a t i s f a c t o r y  t h e o r y  makes i t  i m p o s s i b l e  
a t  p r e s e n t  t o  give a r a t i o n a l  p r o c e d u r e  f o r  beams w i t h  
v P r y  u n s y m m e t r i c a l  c r o s s  s e c t i o n s ,  F o r t u n a t e l y ,  t h e  d i s -  
symmetry of p r a c t i c e 1  cro'ss R e c t i o n s  i s  s e ldom v e r y  marked, 
and  i t  is p e r m i s s i b l e  t o  r e s o r t  t o  t h e  common e x p e d i e n t  of 
u s i n g  a mean c r o s s  s e c t i o n  o b t a i n e d  by a v e r a g i n g  t h e  v a l -  
ues of hW a n d  hp f o r  t h e  f r o n t  and  r e a r  spars, I t  
should b e  c a r e f u l l y  n o t e d  t h a t  t h e  meag c r o s s  ~ e c  t i o n  
u s e d  o n l y  t o  c a l c u l a t e  tba_s-h?&s-lag - -  carrec.tiaas,-- _. . - t h p  
K d . 1  Stresgeg, The e r ro r  c a m m i t t e d  by  u s i n g  a mean 8ec-  
t i o n  then a f f e c t s  only t he  snea , r - iag  c o r r e c t i o n s  Acr and  
i s ,  t h e r e f o r e ,  a v e r y  small f r a c t i o n  of t h e  t o t a l  s t r e s s ,  
t h e  shear-lag c o r r e c t i o n  i t s e l f  b e i n g  o n l y  a f r a c t f o n  of 
t h e  t o t a l  s t r e s s .  
k n a l s s L ~ n f - h a a m s , ~ ~ ~ ~ - ~ ~ ~ = ~ ~ ~ ~ ~ -  The a n a  1  8 i 6 of 
beams w i t h  small  o r  medium c u t - o u t s  i s  e f f e c t e d  conven- 
i e n t l y  by t h e  method of l i q u i d a t i n g  f o r c e s  ( r e f e r e n c e  1). 
The beam i s  f i r s t  a n a l y z e d  on t h e  a s s u m p t i o n  t h a t  n o  cut-  
ou t  has  b e e n  made. The i n t e r n a l  forces a t  t h e  b o u n d a r i e s  
of t h e  p r o p o s e d  cu t -ou t  a r e .  n e x t  c a l c u l a t e d .  L i q u i d a t i n g  
f o r c e s  a re  t h e n  i n t r o d u c e d ,  e q u a l  and o p p o s i t e  t o  t h e  
b o u n d a r y  f o r c e s  j u s t  f ound4. The s t r e s s e s  c a u s e d  'by t h e  
l i q u i d a t i n g  f o r c e s  a r e  c a l c u l a t e d  a n d  a r e  s u p e r p o s e d  on 
t h e  s t r e s s e s  c a l c u l a t e d  f o r  t h e  b o x  w i t h o u t  c u t - o u t .  The 
d e t a i l s  o f  t h e  c a l c u l a t i o n  f o r  c e r t a i n  t y p s s  of  c u t - o u t s  
may b e  f o u n d  i n  r e f e r e n c e s  2 a n d  3. 
Beams with f u l l - w i d t h ,  o r  nearly f u l l - w i d t h ,  cut-outs  
are a n a l y z e d  i n  t w o  p a r t s ,  The p a r t  o u t b o a r d  of t h e  cut-  
o u t  is a n a l y z e d  as a beam w i t h  l o n g i t u d i n a l s  i n t e r r u p t e d  
a t  t h e  l l r o o t , "  t h h t  i s ,  a t  t h e  o u t b o a r d  e n d  of t h e  c u t - o u t .  
The p a r t  i n b o a r d  o f  t h e  c u t - o u t  i s  a n a l y z e d  a s  a beam w i t h  
a wing t i p  , s t r u c t u r e  i n t r o d u c i n g  moments a t  t h e  t i p ,  t h a t  
i s ,  a t  t h e  i n b o a r d  end  of t h e  c u t - o u t ,  
P r e l i m i n a r y  E s t i m a t e s  of S h e w - L a g  E f f e c t 5  
The g e n e r a l  p r o c e d u r e  f o r  a n a l y s i s  is v e r y  f l e x i b l e -  




a n a l y s i s  o r  f i r s t  e s t i m a t e s .  The Xc/I  a n a l y s i s ,  as w e l l  
a a  t h e  s h e a r - l a g  a n a l y s l s ,  can b e  s i m p l i f i e d  by s u b e t i t u t -  
inp; a ulean s u r f a c e  w i t h o u t  camber f o r  a cambarec? s u r f a c e .  
The s h e a r - l a g  o ,na l ;y s i s  can  be  s i m p l i f i e d  by r e d u c i n g  t h e  
nimber  o f  bays i n t o  which t h e  beam is d i v i d e d .  
F o r  a beam with l o n g i t u d i n a l s  c o n t i n u o u s  t h r o u g h  t h e  
f u s e l a g e ,  a f i r s t  e s t i m a t e  of t h e  s h e a r - l a g  e f f e c t  may b e  
made u n d e r  t h e  assumptions t h p t  tile c a r r y - t h r o u g h  members 
a r e  r i g i d ,  t h a t  t h e  load is u n i f o r m l y  d i s t r i b u t e d  a l o n g  
t h e  span, a n d  t h a t  t h e  e r o s e  s e c t i o n  is c o n s t a n t .  The 
t h e o r e t i c a l  f o r m u l a s  f o r  t h i s  c a s e  g i v e  f o r  t h e  r a t i o  of 
t h e  a c t u a l  f l a n g e  s t r e e s  a t  t h e  r o o t  t o  t h e  Mc/I s t r e s s  
a n d  f o r  t h e  r a t i o  of t h e  a v e r a g e  s t r i n g e r  s t r e e s  ( n o t  the 
s t r i n g a r  s t r e s s  a t  t h e  c a n t e r  l i n e )  t o  t h e  Mc/I s t r e s s  
i 
i 
; E  
J 
where L is t h e  s e m i s p e n .  When it c o n c e n t r a t e d  l o a d  isr 
a p p l i e d  a t  t h e  t i p ,  t h e  f a c t o r  2 a p p e a r i n g  i n  formulas 
( 1 9 )  and (20 )  must b e  o m i t t e d .  T h i s  d i f f e r e n c e  must be 
b o r n e  i n  mind whep t h e  formult-ts arc? a p p l i e d  t o  t e s t  beams 
l o a d e d  a t  t h e  t i p  o r  when e m p i r i c a l  c o e f f i c i e n t s  d e r i v e d  
f r o m  such t e s t  beams are a p p l i e d  t o  wings. i 
DISCUSSION 
The m o s t  i m p o r t a n t  f e a t u r e  of t h e  s .uggas ted  method of 
a n a l y s i s  is t h e  c o m p l e t e  ScsparAtion of t h e  e h e a r - l a g  anal-  
ysis f ron?  t h e  # c / I *  a n a l y s i s .  I n  c o n t r a s t  w i t h  t h e  meth- 
o d s  t h a t  d o  n o t  e f f e c t  s u c h  a s e p a r a t i o n ,  t h e  f o l l o w i n g  
a d v a n t a g e s  are g a i n e d :  
1, The s i m p l i f y i n g  assumpt, ions t h a t  a r e  n e c e s s a r y  a t  
t h e  p r e s e n t  s t a t e  of knowledge ( f o r  i n s t a n c e ,  t h e  assump- 
t i o n  of symmetry of t h e  c r o s s  s e c t i o n )  cause e r r o r s  i n  
o n l y  t h e  s t r e s s  c o r r e c t i o n s  A c r ,  n o t  in t h e  Wc/I s t r e s w g ,  
The s t r e s s  c o r r e c t i o n s  being small compa.red w i t h  t h e  Mc/I 
s t r e s s e s ,  t h e  e r r o r s  w i l l  b e  v e r y  small compared w i t h  t h e  
t o t a l  s t r e s s e s ,  
10 
2, 
2 .  The t i n e  r e q u i r ~ d  i s  r e d u c e d  by b r e a k i n g  t h e  a n a l -  
ysis down i n t o  i n d e p e n d e n t  o p e r a t i o n s  (&/I a n a l y s i s  a n d  
s h e a r - l a g  a n a l y s i s ) ,  T h i s  breakdown makos i t  p a s s i b l e  t o  t 
employ more men s i m u l t a n e o u s l y ,  i n  a c c o r d a n c e  w i t h  a r e c o g -  
n i z e d  p r i n c i p l e  o f  p r o d u c t i o n .  
3, The breakdown i n t o  i n d e p e n d e n t  o p e r a t i o n s  makes i t  
p o s s i b l e  t o  u s e  e a c h  man more e f f i c i e n t l y .  The e n g i n e e r  
c a m b l e  of d e a l i n g  w i t h  s h e a r - l a g  a n a l y s e s  i s  n s t  requ. irad 
t o  make r o u t i n e  E c / I  a n a l y s e s .  
4 .  The method i s  v e r y  f l e x i b l e  and  o c n  b e  e a s i l y  
a d a p t e d  t o  rough  e s t i m a t e s ,  p r e l i m i n a r y  a n a l y s e s ,  o r  f i n a l  
a n a l y s e s  b y  v a r y i n g  t h e  nurubsr o f  t h e  b a y s  f o r  t h e  s h e a r -  
l a g  a n a l y s e s  a n d  by  u s i n g  well-known s h o r t - c u t s  f o r  t h e  
Mc/ I a n a l y s e s ,  
' Other  f e a t u r e s  of t h e  m e t h o d . t h c t  s h o u l d  b e  t a k e n  in-  
t o  a c c o u n t  when making c o m p a r i s o n s  w i t h  o t h e r  methods a r e  
t h e  f o l l o w i n g :  
E o  e m p i r i c a l  c o e f f i c i e n t s  a r e  u s e d ,  T h i s  p o i n t  i s  
i m p o r t a n t  b e c a u s e  s h e a r  lag: i s  a f f e c t e d  by  s o  many v e r i -  
a b l e s  t h a t  i t  i s  v e r y  d i f f i c u l t  t o  deduce  r e l i a b l e  empliP- 
i c a l  c o e f f i c i e n t s  f r o m  t e s t s ,  F a c t o r s  t h a t  a r e  o f t e n  corn- 
p l e t e l y  n e g l e c t e d  - f o r  i n s t s n c e ,  t h e  p r o p e r t i e s  of t h e  
c a r r y - t h r o u g h  members i n  t h e  f u s e l a c e  - may d e c i s i v e l y  
i n f l u e n c e  t h e  s t r e s s e s  i n  a g i v e n  c a s e ,  E m p i r i c a l  coe f -  
f i c i e n t s  o b t a i n e d  by n e g l e c t i n g  s u c h  f a c t o r s  rnay b e  v e r y  
m i P l e a d i n g .  
The cliff i c u l t y  of o b t a i n i n g  r e l i a b l e  e x p e r i m e n t a l  
d a t a  i s  a c c e n t u a t e d  by t h e  f a c t  t h a t  s t r u c t u r e s  b u i l t  u p  
f rom s h e e t  m e t a l  show c o n s i d e r a b l e  i r r e g u l a r i t i e s  i n  
b e h a v i o r .  E x t e n s i v e  s t r a i n  s u r v e y s  on a l a r g e  number o f  
spsc in ; ens  should t h e r e f  o r e  be uade  b e f o r e  c o n c l u s i o n s  a r e  
drawn a b o u t  t h e  r e l i a b i l i t y  of a p r o p o s e d  method o f  a n a l -  
y s i s ,  A small number of s t r a i n  m e a s u r e s e n t s  on a s i n g l e  
wing  might  b e  a c c e p t a b l e  f o r  p r o v i n g  t h e  v a l i d i t y  of a 
t h e o r y  - t h a t  does  n o t  c o n t a i n  a n y  q u e s t i o n a b l e  s i m p l i f y i n g  
a s s u m p t i o n ;  t h e  more q u e s t i o n a b l e  t n e  s i m p l i f y i n g  assump- 
t i o n s  a r e  a n d  t h e  rnore the method r e l i e s  on e m p i r i c a l  
c o e f f i c i e n t s ,  t h e  more n e c e s s a r y  i t  becomes t o  e x t e n d  t h e  
r a n g e  of t h e  e x p e r i m e n t a l  p r o o f s .  On t h e  basis of e x p e r i -  
m e n t a l  p r o o f s  s u b m i t t e d ,  t h e  method g i v e n  h e r e  s c o r e s  o v e r  
a n y  o t h e r  p u b l i s h e d  method,  
Only u a t h e n i a t i c a l  p r o c e s s e s  w i t h  which t h e  a v e r a g e  




f i c u l t  s t e p  i s  t h e  s o l . u t i o n  o f  a s y s t a ~  o f  e q u a t i o n s  a n a l -  
o g o i i s  t o  t h e  o r d i n a r y  three-N,o%ent e 4 u a t i o n s .  The average 
i t n a l y s t  is a c q u a i n t e d  w i t %  such  e q u a t i o n s ;  he i s  not w e l l  
a c q u a i n t e d ,  on t h e  other b a n d ,  w i t h  F o u r i e r  s e r i e s  o r  w i t h  
t h e  s o l u t i o n  of d i f f e r e n t i a , l  e q i i a t i o n s .  
I n  c o n c l u s i o n ,  i t  may b e  p o i n t e d  out  t h a t  e v e r y  step 
o f  t h e  a n a l y s i s  i s  a c a l c u l a t i o n  p e r f o r m e d  i n  a d e f i n i t e  
n:anner. The a n a l y s t  i s  n e i t h e r  e x p e c t e d  n o r  r e q u i r e d  t o  
s u b s t i t u t e  e n g i n e e r i n c  judgment f o r  c a l c u l t i t i o n .  E n g i n e e r -  
t i v e l y  used t o  s p e e d  v.p p r e l i n i n a r y  a n a l y s i s .  F o r  o b v i o u s  
r e a s o n s ,  however ,  a method of f i n a l  a n a l y s i s  s h o u l d  b e  as 
f r e e  R S  p o s s i b l e  of p e r s o n a l  f a c t o r s .  
i n g  judgment is i n d i s p e n s a b l e  i n  d e s i g n  a n d  c a n  b e  e f f e c -  1 
Langley Memorial  A e r o n a u t i c a l  L a b o r a t o r y  , I 
N a t i o n a l  A d v i s o r y  Committee f o r  A e r o n a u t i c s ,  
Langley F i e l d ,  Va, 
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Figure 1.- Croes section of b o x  beom. 
2 n-1 R r-1 r 0 I 
I , .  
Figure.2.- Convention for numbering.bayr. 
Figure 5.- Box beam w i t h  cambered cofrerr. 
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